Introduction
Decontamination of high-containment laboratories is an important aspect in containing high-risk pathogens and protecting workers from the risk of infection. In the event of accidental spills and in day-to-day clean-up, all areas with the potential to be contaminated must be disinfected. As well, all items leaving the containment suite must be decontaminated. Often the entire containment suite must be decontaminated when a change in the pathogens being manipulated occurs. Large areas and equipment must also be decontaminated prior to maintenance, repairs, and recertification.
Surface decontamination using a liquid disinfectant is often the simplest method and is ideal for day-to-day cleaning. However, when large areas and complex equipment require decontaminating, gaseous methods or fumigants are often a better choice. In these situations, liquid disinfectant wipe-down techniques can be time-consuming and difficult to standardize and may simply not be feasible (Krause et al., 2001) . In these cases, gas decontamination methods are advantageous because of their ability to cover large surface areas and more difficult to reach areas (Rogers et al., 2008a) .
Many factors can influence the efficacy of gaseous decontamination methods. The microorganisms present as well as their concentration and the level of soiling are all important as different organisms have various levels of resistance to inactivation, with bacterial spores being the most resistant. Further, the environmental conditions of the area must be monitored as the temperature and relative humidity may influence the inactivation efficacy of some fumigants. The most important factors influencing inactivation are the concentration of the fumigant and length of the exposure. In general less exposure time is required to inactivate microorganisms when a higher concentration of fumigant is used and vice versa.
Along with the previously mentioned influences, other factors that may also be important when choosing a fumigant and developing protocols include: the size and layout of the room; the compatibility with the materials present; the ability to seal or isolate the room; the toxicity of the fumigant; and the method of releasing the fumigant into the area as well as the neutralization and aeration requirements. This review provides a comparison among methodologies for common area decontamination currently employed in high-containment laboratories. Factors influencing decontamination efficacy, application, advantages, and limitations are discussed in the context of high-containment laboratories.
Formaldehyde
Formaldehyde gas has been used for area decontamination for well over a century and continues to be one of the leading methods of choice for decontaminating containment laboratories and sensitive equipment, HEPA filter housings, biosafety cabinets, and animal rooms and housing (Abraham, 2004; Gordon et al., 2010; Munro et al., 1999; Taylor et al., 1969) . Formaldehyde gas has also been used on much larger scales including its employment to decontaminate Gruinard Island, Scotland after the testing of explosives containing Bacillus anthracis spores by the British military during WWII and, more recently, in the decontamination of a U.S. mail facility following a bioterrorism attack (Rogers et al., 2007) . In addition to its long-time use, formaldehyde gas continues in popularity because of its low operational costs, simple apparatus, and proven efficacy against a large variety of organisms.
The low costs associated with formaldehyde gas decontamination are due to the simple apparatus required to perform the operation. In a room maintained between 23º-28ºC, a measured amount of paraformaldehyde powder is thermally depolymerized to formaldehyde gas by heating on a basic hotplate to 230ºC. The typical amount of powder used is 0.3 g/ft 3 (or approximately 10.6 mg/m 3 ), which yields between 8,000-10,000 ppm of formaldehyde gas. Following the required contact time (usually 12 hours), ammonium gas, generated by heating ammonium carbonate or bicarbonate on another hotplate, is used to neutralize the formaldehyde. Residues of the methenamine by-product from this neutralization are often formed and thus a physical clean-up of the decontamination area is often required following sterilization (Czarneski, 2007; Munro et al., 1999) . Being a true gas, formaldehyde obeys the gas laws and evenly distributes throughout the room and, therefore, this simple process is easily scalable to large areas by increasing the volumes of paraformaldehyde and ammonium used. Since formaldehyde gas is composed of a very basic compound, it is a stable fumigant and is thought to inactivate microorganisms, at least in part, by DNA damage (Abraham, 2004; Loshon et al., 1999) .
A study using the spores of Bacillus subtilis revealed that spores lacking the alpha/beta small acid-soluble proteins, which are known to play a role in protection against spore DNA damage, were far more susceptible to killing by formaldehyde (Loshon et al., 1999) . Further, it was discovered that DNA-protein cross-linking increased 2-4 fold when B. subtilis spores were exposed to formaldehyde (Loshon et al., 1999) . Formaldehyde gas has a broad inactivation spectrum, but the least sensitive organisms to this fumigant are the spores of Bacillus species and Geobacillus stearothermophilus (Munro et al., 1999; Rogers et al., 2007) . Because of this, the most common biological indicators used for validation during formaldehyde decontaminations are paper strip carriers within a glassine package containing Bacillus atrophaeus (subtilis) and/or Geobacillus stearothermophilus spores (Gordon et al., 2010) .
In 1969, one of the first groups to define the operational parameters for formaldehyde gas decontamination did so by successfully sterilizing laboratory rooms and equipment, along with a mobile laboratory, using various surfaces inoculated with Bacillus subtilis spores, Serratia marcescens, Newcastle disease virus, or C. botulinum toxin (Taylor et al., 1969) . With 0.3 g/ft 3 of paraformaldehyde, the temperature maintained between 23º-24ºC, and a relative humidity of 60%, Bacillus subtilis spores, Serratia marcescens, and C. botulinum toxin were inactivated using a 1-hour contact time (an increased humidity of 75%-80% was required for liquid toxin), whereas only 30 minutes were required to inactivate the virus tested (Taylor et al., 1969) . Almost 3 decades later while refining the critical treatment parameters for the sterilization of biological safety cabinets, Munro et al. (1998) also showed effective inactivation of Bacillus subtilis spores along with Bacillus stearothermophilus spores, Mycrobacterium bovis, and poliovirus on stainless steel carriers following a 15-hour exposure to formaldehyde gas. During these studies, the optimal conditions for successful decontamination using formaldehyde gas were determined to be 10.5 g/m 3 of paraformaldehyde powder, a relative humidity of 66%, and a minimum temperature of 28ºC. More recently, a greater than 6.0-log reduction in Bacillus anthracis, Bacillus subtilius, and Geobacillus stearothermophilus spores was accomplished using formaldehyde gas on a variety of indoor surfaces including porous and non-porous materials (Rogers et al., 2007) .
Numerous factors have been found to influence the efficacy of formaldehyde gas including temperature, relative humidity (RH), surface material, and the concentration of formaldehyde. Many studies have proven the effects of RH on decontamination with formaldehyde gas. One such study (Munro et al., 1999) shows an increase in RH enhances the microbial inactivation of formaldehyde gas. Although an increase in RH has proven to aid formaldehyde in decontamination, a rise in RH greater than 63% has the potential to cause condensation (Munro et al., 1999) . Since formaldehyde is water soluble, excessive condensation can lead to a dilution in the gas available for decon-tamination and reploymerization may also occur, leaving behind a paraformaldehyde residue (Munro et al., 1999) . Because of this inability to penetrate water, all surfaces must be thoroughly dried prior to decontamination to ensure full surface contact by the gas (Abraham, 2004) . Along with water, formaldehyde gas is also ineffective at penetrating grease and organic materials; consequently, it is imperative that the decontamination area be cleaned prior to sterilization (Abraham, 2004; Czarneski, 2007) .
Temperature is another factor that greatly affects the performance of formaldehyde gas. Polymerization of formaldehyde gas occurs upon cold surfaces and thus decreases in temperature effectively reduce the concentration of gas available for decontamination (Abraham, 2004) . Because of this fact, formaldehyde decontamination is not recommended in areas where temperature control is not possible. Most successful decontaminations are performed under temperatures ranging from 23º-30ºC.
As with many decontamination methods, the surface material in question has also been proven to affect microbial inactivation by formaldehyde gas. A recent study testing formaldehyde gas inactivation of three Bacillus sp. spores on multiple indoor surface materials showed a marked decrease in the kill of Bacillus anthracis on painted wallboard paper in comparison to the other materials tested (Rogers et al., 2007) . In addition, the inactivation of Goebacillus stearothermophilus on industrial carpet was significantly lower when compared to the other surfaces. Although similar log reductions were observed among the three species tested, some notable differences were seen regarding their inactivation on some surfaces (Rogers et al., 2007) . These differences highlight the need to consider not only the organisms for decontamination but also the surface material on which it is to be inactivated. Munro et al. (1998) also noted a variation in the inactivation of organisms on different materials. In this study, the authors found that challenge organisms were more resistant to decontamination when inoculated upon non-porous stainless steel carriers compared to porous/absorbent surfaces such as paper (Munro et al., 1999) . These findings were later supported by a recent study on the differences between paper and stainless steel substrates within biological indicators used in the verification of formaldehyde gas decontaminations (Gordon et al., 2010) . This investigation found that the most commonly used paper strip indicators adsorb formaldehyde gas during the decontamination process, inhibiting spore growth and, therefore, leading to false negative results. Conversely, this study demonstrated that non-porous stainless steel did not adsorb formaldehyde and thus was suggested for use as an alternative to the currently used paper strip indicators (Gordon et al., 2010) . This most likely occurred because porous materials adsorb formaldehyde gas, and an increase in microbial inactivation on these surfaces has been observed in studies when compared to non-porous materials. This adsorption by porous surfaces may lead to either an increase in the formaldehyde concentration, thereby effec-tively killing more of the challenge organism, or it may simply be inhibiting the organism's growth by its release into the growth medium during verification testing throughout the studies performed.
Formaldehyde gas has many advantages for its use as a decontamination fumigant in containment laboratories. As outlined above, formaldehyde has proven efficacy against a wide array of microorganisms including very resistant spores. Further, its low costs and simple apparatus required make this decontamination method appealing when compared to more expensive methods such as hydrogen peroxide and chlorine dioxide. Also, the stability of formaldehyde gas is very valuable as it will not break down over time and thus a consistent concentration of gas is present throughout the decontamination process. The low corrosiveness of formaldehyde is another clear advantage of this disinfectant as it maintains the ability to decontaminate laboratory equipment and computers without damaging their sensitive components.
As with all decontamination methods, formaldehyde is not a perfect solution and, therefore, has distinct disadvantages. One of the greatest disadvantages of formaldehyde gas is its negative effect on the environment due to its toxic properties. Formaldehyde gas is a known human carcinogen and is not environmentally friendly (Abraham, 2004; Rogers et al., 2008a) . The negative environmental effects of this gas may limit where this procedure can be performed. If the space to be decontaminated is not entirely contained, leaks into the environment can not only endanger the human populous but also may have negative environmental consequences. Another disadvantage of formaldehyde decontamination is the time required. Along with an average 12-hour cycle, another contributing factor to the lengthy time requirement is the need for a thorough preclean and drying of the decontamination area, as formaldehyde has poor penetration through soil loads and is easily diluted by water. Secondly, the residues formed throughout the process require a clean-up of the area following sterilization. Another clear disadvantage of formaldehyde is the inability to monitor the gas concentration throughout the cycle. Leaks in the decontamination area may go undetected without a monitored drop in the concentration of gas during the cycle. This lack of monitoring also has implications in the event of a high relative humidity causing a decrease in the concentration of formaldehyde gas during the decontamination.
Although formaldehyde gas has many advantages contributing to its long-time use, drawbacks such as its toxicity have been the driving force to discover alternative decontamination methods. Formaldehyde gas is extremely effective against many microorganisms and has an appealingly low cost and simple apparatus, but with increased knowledge of the dangers associated with this chemical and its other disadvantages, supplementary technologies are currently being sought and tested to replace this longused method.
Hydrogen Peroxide
Vapor-based hydrogen peroxide decontamination, which was originally designed for use in pharmaceutical clean rooms (Davies et al., 2010) , was developed in the 1980s and commercialized in the early 1990s (Graham & Rickloff, 1992; Rickloff & Graham, 1989) . Since this time the technology has been further applied to the decontamination of animal rooms, biological safety cabinets (BSCs), containment laboratories, and pass-through boxes (Fey et al., 2010; Hall et al., 2007; Heckert et al., 1997; Kahnert et al., 2005; Krause et al., 2001; Krishnan et al., 2006a) . Hydrogen peroxide is an oxidizing agent that works by producing highly reactive hydroxyl radicals that attack cell membranes, DNA, and proteins causing cell death. A recent study (Finnegan et al., 2010) investigated the mode of action of several disinfectants including vaporous hydrogen peroxide and found the vapor form to be much more effective at denaturing proteins than the liquid form.
In the last decade research and application of airborne hydrogen peroxide decontamination systems have increased. Although in literature the terms describing these systems are often used interchangeably, there are important differences in the methodologies and efficacies of each system (Andersen, 2011; Otter et al., 2010) . The Steris vaporous hydrogen peroxide (VHP) system generates a vapor by flash vaporizing a 35% aqueous solution of H 2 O 2 . With this system it is important to reduce the relative humidity (RH) of the enclosure to <40% to prevent condensation of the vapor, avoiding corrosion and increasing vapor distribution. The Bioquell hydrogen peroxide vapor (HPV) system also generates a vapor from a 35% aqueous solution of H 2 O 2 . The major difference between the vapor generating systems is that the HPV system operates at ambient RH to promote microcondensation of H 2 O 2 over surfaces. The HPV process relies on this condensation for its rapid antimicrobial effect, while the VHP system is able to generate more H 2 O 2 per unit of area and is less corrosive and more reactive at lower humidity levels . The vapors produced by both systems have a particle size of <1 micron and are, therefore, both categorized as fumigants (Otter et al., 2010) .
The VHP decontamination cycle begins with a dehumidification phase where the relative humidity of the area is lowered to <40%. A conditioning phase follows where high volumes of hydrogen peroxide are injected into the area over a short period of time. After this, the vapor is injected at a set rate to achieve a steady concentration of hydrogen peroxide (approximately 1,000 ppm) for the length of the decontamination phase. Following decontamination, the area is aerated either by cycling the air through the generator which decomposes the vapor to water and oxygen, or it is simply evacuated using the area's exhaust system. In contrast, the simpler HPV decontamination cycle begins with a much shorter conditioning phase, allowing the generator to warm up. After this, the decontamination phase begins and hydrogen peroxide is injected at a steady rate for a specific exposure length achieving similar concentrations of H 2 O 2 as the VHP system. The aeration phase of the HPV system is also similar to that of the VHP cycle.
A third system known as aerosolized hydrogen peroxide (aHP) or dry mist hydrogen peroxide (DMHP) from Sterinis (Gloster Sante Europe, France) produces a fine mist by aerosolizing a solution containing 5% H 2 O 2 , phosphoric acid (<50 ppm), silver cations (<50 ppm), and gum Arabic (<1 ppm). The mist created by the Sterinis system produces charged particles of 8-12 microns and is thus considered a fogging application rather than fumigation (Otter et al., 2010) . Decontamination cycles are automated and yield 12-60 ppm of H 2 O 2 for a 30-minute exposure. Although some studies have reported decontamination success with this method (Grare et al., 2008) , others have found the opposite (Andersen et al., 2010) . With the observed variation in performance, it is important to understand the differences in the disinfectant solution and delivery method of these systems when comparing efficacies.
Several studies have been conducted on VHP and HPV to evaluate their uses in high-containment laboratory environments. Both vapor-based systems have been successfully used to decontaminate Containment Level 3 (CL3) laboratories (Hall et al., 2007; Kahnert et al., 2005; Krishnan et al., 2006a) . Krishnan et al. (2006) used the VHP system to decontaminate a CL3 laboratory under slight negative pressure to isolate the area from the rest of the facility. In this case, VHP was piped into and out of the laboratory using steel pipe penetrations from a generator located above, while the HVAC system was utilized for laboratory isolation and aeration (Krishnan et al., 2006a) . Fans were placed throughout the laboratory to circulate the vapor, and the successful decontamination was validated using both chemical and biological indicators (Geobacillus stearothermophilus). Kahnert et al. (2005) also used VHP to decontaminate a CL3 laboratory. In this case, Mycobacterium tuberculosis was used as a biological indicator and VHP was both delivered to and removed from the room using the HVAC system (Kahnert et al., 2005 ). The HPV system was also successful in decontaminating Mycobacterium tuberculosis in a CL3 laboratory (Hall et al., 2007) . One study has validated the use of VHP in the decontamination of a CL4 laboratory (Stansfield et al., 2008) .
Along with CL3 and CL4 laboratories, research has also proven VHP to be effective in decontaminating animal rooms and the animal caging systems contained within (Krause et al., 2001) . This study also utilized the HVAC system to create a closed circuit for injecting and removing the vapor and also validated the decontamination with chemical and biological indicators (Geobacillus stearothermophilus) (Krause et al., 2001) . In this study, pre-cleaning the room was not mentioned, but one would assume with the gross soiling common in most animal enclosures that pre-cleaning would be necessary to ensure effective decontamination.
An important piece of equipment requiring decontamination in any high-containment laboratory is the biological safety cabinet (BSC). BSCs are often decontaminated using formaldehyde prior to any repairs, recertification, or relocation. Recent movement away from formaldehyde has led to studies validating other methods such as hydrogen peroxide. A recent study (Fey et al., 2010) evaluated both HVP and VHP decontamination of a BSC under a worst-case scenario. Here, an older BSC was used with loaded HEPA filters and an inoperable blower, plus the biological indicators were placed in the most hard to reach areas. After several unsuccessful cycles from both systems, a repeatable cycle and set of conditions were developed which allowed for both VHP and HPV to successfully decontaminate BSCs. However, the unsuccessful trials highlight the need to thoroughly validate decontamination protocols used for complex equipment such as BSCs (Fey et al., 2010) .
Further, both vapor systems have been proven effective against a variety of organisms including bacterial spores such as Bacillus anthracis, vegetative bacteria such as Yersinia pestis and Francisella tularensis, mycobacteria including Mycobacterium tuberculosis, viruses, and prions (Fichet et al., 2007; Hall et al., 2007; Heckert et al., 1997; Johnston et al., 2005; Kahnert et al., 2005; Meszaros et al., 2005; Rastogi et al., 2009; Rogers et al., 2005; Rogers et al., 2008b; Rogers & Choi, 2008) . As with most disinfectants, bacterial spores have proven to be the most resistant to decontamination. To date, Geobacillus stearothermophilus has been identified as the most resistant to hydrogen peroxide and as such is used as a biological indicator for VHP/HPV decontaminations (Klapes & Vesley 1990; Meszaros et al., 2005) . Research has indicated that organisms which produce superoxidase dismutase, catalase, and other peroxidases have increased resistance to VHP and HPV and thus require longer exposure times, as these enzymes can break down the H 2 O 2 (Kahnert et al., 2005) .
In a recent study , HPV was found to be less effective against higher concentrations of virus (>8 log 10 ) than VHP. Organic soil load, such as dried blood, decreased the efficacy of both systems, although less of an effect was shown on VHP. It is believed that the higher amount of H 2 O 2 generated by the VHP system is better at overcoming the catalase present in the blood when compared to HPV. Similarly, a decrease in efficacy of viral decontamination in the presence of dried blood was also noted previously (Heckert et al., 1997) . Further, others have also observed that the presence of organic soil loads decreases the efficacy of H 2 O 2 against bacterial spores and vegetative bacteria (Krishnan et al., 2006b; Meszaros et al., 2005) . This decreased efficacy may be in part due to the high concentrations of catalase present in some organic soil loads (especially in blood), but it is also due to the fact that hydrogen peroxide reacts indiscriminately with any oxidizable material present, which can decrease the amount of hydrogen peroxide available to kill microorganisms (Davies et al., 2010; Meszaros et al., 2005) . These findings have highlighted the importance of pre-cleaning when using VHP/HPV for decontaminating high-containment laboratories and equipment. The cleaner the surfaces in an area, the more successful and reproducible the decontamination will be (Meszaros et al., 2005) .
Another factor that plays a role in VHP/HPV decontamination efficacy is the surface material. Several studies have investigated the efficacy of VHP/HPV on a variety of materials (Krishnan et al., 2006b; Rastogi et al., 2009; Rogers et al., 2005; Rogers et al., 2008b; Rogers & Choi, 2008) . These studies focused on building materials in order to ascertain the effectiveness of VHP/HPV in decontaminating buildings affected by bioterrorism. All studies have found decontamination to be more effective on non-porous materials than on porous surfaces, with concrete and cinderblock being the most difficult to decontaminate. Organisms on the surface of non-porous materials are easily reached by VHP/HPV, whereas the vapor must penetrate porous materials in order to reach organisms that have become embedded in cavities located within the material (Rogers et al., 2005) . Hydrogen peroxide may also interact with the material itself, which may decompose the chemical before it is able to reach the microorganisms. This chemical-material interaction accounts for the ineffectiveness of VHP on concrete surfaces where iron present in the concrete is believed to decompose hydrogen peroxide (Krishnan et al., 2006b) . Porous materials have also been found to require extended aeration periods after decontamination due to the occurrence of off gassing (Davies et al., 2010) . A large amount of data has shown VHP/HPV to be compatible with a wide variety of materials although some studies have indicated it is incompatible with nylon, neoprenes, some anodized aluminum, and some epoxides (Davies et al., 2010; Rogers et al., 2008a) . Decontaminations occurring in laboratories containing sensitive equipment, such as computers, cameras, incubators, and other heat-sensitive equipment, have indicated VHP/HPV is compatible with such equipment without any damaging effects (Davies et al., 2010; Hall et al., 2007; Heckert et al., 1997; Krause et al., 2001) .
One of the major advantages of hydrogen peroxide is its safety in comparison to other fumigants such as formaldehyde and ozone. Hydrogen peroxide is considered less toxic as it readily breaks down into water and oxygen with no toxic by-products or residues (Davies et al., 2010; Rogers et al., 2008a) . The VHP/HPV decontamination technology also allows automated cycles and the ability to control and monitor conditions of the decontamination area, thus increasing the safety of the users. As well, hydrogen peroxide is used at lower concentrations (750-1500 ppm) and shorter contact times (1-4 hours) than formaldehyde.
Conversely, hydrogen peroxide fumigation does have limitations that users need to be aware of when planning decontamination protocols. First, since any soil load present greatly reduces the efficacy of VHP/HPV, precleaning of all surfaces is necessary to ensure successful decontamination. As well, porous materials should be mini-mized prior to decontamination as these materials will absorb hydrogen peroxide thus effectively lowering the concentration of fumigant in the enclosure and prolonging the aeration cycle. Moreover, hydrogen peroxide generators are costly which may deter some facilities from using this less toxic system over the inexpensive, yet carcinogenic, formaldehyde method.
Overall, hydrogen peroxide fumigation is an effective, mobile decontamination system with rapid cycle times. The major advantages (Table 1) of this technology over other space decontamination methods are the increased safety of a less toxic chemical with automated systems and real-time monitoring, as well as the lack of post-clean-up required as no residues are produced. In addition, hydrogen peroxide is also compatible with most building materials and can be safely used with sensitive equipment such as computers and other laboratory instruments.
Chlorine Dioxide
Chlorine dioxide in aqueous form has long been used for its disinfectant properties, but the gaseous form was first registered as a chemosterilizing agent in 1984 and registered with the U.S. Environmental Protection Agency (EPA) in 1988 (Czarneski & Lorcheim, 2005) . One of the earliest studies on gaseous chlorine dioxide (GCD) investigated the conditions necessary for sporicidal activity (Jeng & Woodworth, 1990 ). Since this time, GCD has been further studied for its use in decontaminating high-containment laboratories, BSCs, pharmaceutical research facilities, and animal facilities as well as buildings affected by bioterrorism. Like hydrogen peroxide, chlorine dioxide functions as an oxidizing agent. Although unlike hydrogen peroxide, chlorine dioxide is a very selective oxidant with 2-1/2 times the oxidizing power of chlorine (Davies et al., 2010) . Due to the selective oxidizing nature of chlorine dioxide it only reacts with molecules that are highly reduced (alcohols, aldehydes, ketones, tertiary amines, and sulfur containing amino acids) which allows its activity to be much less influenced by organic soil loads .
With a boiling point of 11ºC, chlorine dioxide is a gas at room temperature and is, therefore, considered a true gas (Czarneski, 2007) . GCD is a synthetic gas that is, unfortunately, stable for only a short period of time. Two different methodsgenerate GCD . First, in the dry method, GCD is generated by passing chlorine gas through cartridges of sodium chlorite producing a pure gas. This dry method is utilized in the generators produced commercially by ClorDiSys Solutions (Lebanon, NJ). Alternatively, the wet method involves reacting sodium chlorite with an acid activator generating liquid chlorine dioxide, which, because of the acid activator, can be corrosive. Generators produced by Sabre Technical Services) Slingerlands, NY) utilize the wet method by stripping the dissolved GCD from solution to produce pure GCD. Although the generation methods are different, the end product (chlorine dioxide) and decontamination conditions are eswww.absa.org Applied Biosafety Vol. 17, No. 1, 2012 sentially the same. In a report comparing the efficacy of these two methods, no significant differences were found (Rastogi et al., 2010) . Decontamination cycles for both generators consist of five phases beginning with pre-conditioning, in which the relative humidity of the area is raised to >70%. After this comes the conditioning phase where the relative humidity is monitored to ensure it is maintained. GCD is generated and injected into the area during the charging phase, after which the GCD concentration is maintained for the length of the exposure phase. Most generators contain sensors to monitor the GCD concentration in real time, so if the concentration drops due to absorbance by cellulosic materials or a leakage, more gas can be injected to maintain the set concentration (Czarneski & Lorcheim, 2005) . Following the exposure time, all gas generation is stopped and the space is aerated to remove the remaining gas. Often the air is passed through a scrubber to decompose all remaining chlorine dioxide.
Extensive research has investigated the use of GCD in the agriculture and food processing industries, but its use in high-containment and research facilities has begun only in recent years and thus a limited amount of published studies is available. In some studies, however, GCD has successfully decontaminated large areas such as an 18,000-ft 2 animal research facility and a 17,000-ft 2 animal hospital (Czarneski, 2009; Luftman et al., 2006) . In both cases, sealing the facility proved to be the most difficult aspect of the decontamination. Also, GCD has been validated for decontaminating BSCs using a protocol developed in conjunction with the National Science Foundation (NSF) International . Here, GCD generated from liquid chlorine dioxide was investigated as a less expensive method for decontaminating BSCs . In this study, rather than generating the gas using an expensive machine, a container of concentrated liquid chlorine dioxide was allowed to off gas inside the BSCs with the assistance of a fish tank bubbler to accelerate the off gassing and a pump to circulate the gas. Although this method generated low levels of GCD (<500 ppm), with extended exposure times a successful decontamination was reported using biological indicators .
Due to its strong oxidizing abilities, GCD is effective against a wide variety of organisms. Many studies have found GCD effective against food-borne pathogens such as Escherichia coli, Listeria monocytogenes, and Salmonella enterica in applications in the food-processing industry (Bhagat et al., 2011; Bhagat et al., 2010; Mahmoud et al., 2007; Mahmoud et al., 2008; Trinetta et al., 2010) . GCD has also been proven effective against viruses even at relatively low concentrations with extended exposure times (Morino et al., 2009; Sanekata et al., 2010) . Most efficacy studies on GCD for use in high-containment laboratories are conducted against Bacillus spores since they are the most resistant to decontamination. One study was undertaken to determine which spore species was the most resistant and, thus, best for use as a biological indictor. Bacillus atropheaus and Geobacillus stearothermophilus were the main focus of this study based on previous findings (Jeng & Woodworth, 1990 ) and because, respectively, these organisms are most resistant to formaldehyde and hydrogen peroxide. Although the authors found Table 1 Comparison of major advantages and limitations of fumigation with formaldehyde, hydrogen peroxide, and chlorine dioxide. *Large rooms or whole facilities may require much longer exposure times.
Formaldehyde
Hydrogen Peroxide Chlorine Dioxide . The relative humidity of the decontamination enclosure was found to have the greatest influence on the efficacy of GCD. This was first noted by Jeng and Woodworth (1990) when they observed that the sporicidal activity of GCD was enhanced by prehumidification to >70%. More current research has shown that RH levels >80% increase efficacy, resulting in much shorter exposure times and that successful decontamination with lower humidity levels (50%) can be achieved with extended exposure times (Gordon et al., 2007) . The results of this study are beneficial when considering situations where maintaining high humidity levels is not possible and extended exposure times are not an issue. Relative humidity was found to be most important in cases where the challenge organism is in a dry state (Morino et al., 2009) . Along with RH, the effects of challenge organism concentration and soil load on the efficacy of GCD have also been investigated. GCD was found to be less effective on spore concentrations greater than 1 x 100 8 , but soil loads of serum up to 5% were not found to influence inactivation (Rastogi et al., 2009 ). Unlike hydrogen peroxide and formaldehyde gas, the lack of soil load influence on GCD is also supported by earlier studies (Krishnan et al., 2006b) .
As with VHP/HPV and formaldehyde, studies have also been conducted investigating the efficacy of GCD on different surface materials commonly found in buildings. Similar to VHP/HPV, GCD was also found to have decreased efficacy on porous materials such as wood, cinderblock, and paper (Han et al., 2003; Krishnan et al., 2006b; Rastogi et al., 2009; Rastogi et al., 2010) . Greater variability in organism inactivation was also observed on porous materials, which the authors attribute to the microscopic pores and structural non-uniformity of complex materials (Rastogi et al., 2010) . Conversely, organisms on nonporous materials such as glass and stainless steel were found to require much shorter inactivation times (Han et al., 2003; Krishnan et al., 2006b; Rastogi et al., 2009; Rastogi et al., 2010) . Material compatibility studies have found GCD to be compatible with most materials such as paper, wood, epoxy, plastics, and stainless steel, but do indicate bleaching of some materials such as carpet (Rogers et al., 2008a) . Further, when GCD is generated by off gassing from liquid chlorine dioxide, corrosion of non-coated metal surfaces was observed after repeated exposure .
As with all fumigation methods discussed, chlorine dioxide has a few limitations that must be considered. Firstly, GCD is sensitive to decomposition by light and, consequently, direct sunlight should be avoided (Czarneski, 2007; Rogers et al., 2008a) . Also, as discussed previously, high humidity is required for effective decontamination, which could present difficulties in dry environments. Lastly, expensive generators are generally required because chlorine dioxide is not a stable gas and must be produced at the time of use to avoid chemical breakdown.
Gaseous chlorine dioxide has excellent potential for use in decontaminating high-containment laboratories due to its rapid inactivation of a wide variety of pathogens even in the presence of organic soil loads. Like VHP/HPV, GCD is also considered a safer alternative to formaldehyde fumigation as it is non-carcinogenic and does not produce toxic by-products or residues. Gas generators also provide the safety of external control and monitoring of gas concentration. As well, GCD decontaminations require lower concentrations (360-1,800 ppm) and shorter exposures (0.5-2.0 hours) than formaldehyde (Czarneski, 2007) .
New Technologies
Many gaseous agents are effective against surface sterilization; however, most have limitations to their ability to penetrate into an organic soil load and provide an effective kill within a heavily soiled area. Contaminated areas need to be surface-cleaned and sterilized prior to gaseous application, and then the gaseous agents are employed acting as a secondary back up to initial cleaning. Recent studies have shown that a paracetic acid compound, in the liquid form, is quite capable of penetrating into an organic soil load and achieving a complete kill of spores within a short period of time. However, the technology on a commercial scale has not yet been developed to accommodate the vaporization of paracetic acid compounds. In theory, by vaporizing paracteic acid compounds into a room, the vapor has the potential to penetrate into soil loads and act the same as the liquid application of the disinfectant.
Summary
All area decontamination methods discussed are effectively used in current high-containment facilities. Each method has advantages and limitations that must be considered to determine which method is best to employ in different facilities and situations. Table 1 summarizes the major advantages and limitations for the major methods discussed here.
